Abstract A novel omnidirectional wheeled mobile robot, mainly composed of three special wheeled structures-MY wheel, is developed in this paper. Based on the movement principle of sphere, the sphere of the special wheel is divided into contact part and non-contact part. The function of the omnidirectional wheel is realized utilizing the mutual complementarities of the two parts of the sphere. The passive rotational axes of two parts of the sphere are in staggered arrangement to each other at an angle of 45 degrees to realize continuous contact with the ground. At the same time, this structure also improves the strength of omnidirectional wheel. It is verified by the kinematic analysis and simulation of the wheeled mobile mechanism that the mechanism can achieve the omnidirectional movement. It is also proved by the movement experiment of the mobile robot that the omnidirectional mechanism can not only achieve the omnidirectional movements but also step over obstacles.
Introduction
Mobile robots have all along attracted more and more attention with their extensive application and high technicality. The conventional mobile robots include wheeled mobile robot, tracked mobile robot and legged mobile robot. As to the wheeled mobile robot, there are constraints at the contact point between wheels and the ground. According to the limit of the constraints, the wheeled mobile robots are generally classified into car-like robots, parallel robots and omnidirectional robots. The car-like wheeled mobile robot, like the car, can neither do in-situ rotational movement, nor move sidewise, which is unable to be applied to narrow environment. The parallel robots with two separate driving wheels and one or more truckles can do in-situ rotational movement, but it cannot move sidewise. The omnidirectional robots can not only do in-situ rotational movement, but also move sidewise, which has very strong mobility. This kind of mobile robots is desirable for applications in automated factory, hospital, family and other narrow environments and has wide application prospect.
At present, the wheels used on the omnidirectional robot can be classified into two categories: special wheels and conventional wheels. Many special wheel structures are designed based on the concept that traction is achieved with constraints in one direction and passive motion is allowed with the constraints removed in another direction. A classical design of the special wheel is that a series of passive rollers are mounted on the periphery of a conventional wheel so that the revolving spindles of these driven wheels are perpendicular or oblique at an angle to that of the conventional wheel, such as the Mecanum wheel [1] . Other special wheel mechanisms include orthogonal wheel [2] and ball wheel mechanism [3] . These omnidirectional mobile robots with special wheels have good mobility, stability [4] and the ability of precisely tracking the path, but they are generally complex in structure, and in addition, these robots usually have the disadvantages such as poor ability to step over obstacles, low load capacity and car body vibration easily resulting from driven rollers, etc. These wheel structures are not applicable to the floors with dirt and debris because tiny objects easily squeeze into the revolving spindle of the driven roller and block the movement of the robot. The orthogonal wheel with simple mechanism does not have sufficient load capacity. The flexibly driven ball wheel mechanism has a too complex structure [4, 5] . The omnidirectional mobile robots based on conventional wheel mechanism mainly adopt the casters [6] individually driven in the rotation direction and revolving as their driving wheels, which has poor stability and agility although it has strong load capacity.
In accordance the characteristics of spherical structure, this paper presents a novel omnidirectional wheel-MY wheel with simple structure and high agility. Its continuous contact with the ground is realized by using two couples of oblique crossing hemispheres, simultaneously, and the driving and passive movements of the wheel body are realized. Based on the structural characteristics of the wheel body, the omnidirectional mobile robot is designed in this paper, and its kinematic analysis is also given. Finally, the movement experiment of this robot is presented.
Omindirectional mobile mechanism
Mecanum wheel is a very efficient omnidirectional motion mechanism, as shown in Figure 1 , whose wheel body is not composed of common tyre, but of a series of freely rotatable passive rollers. These passive rollers are similar to the teeth of the helical gears, and their rotation axes are inclined to that of the wheel (usually 45 degrees). The contours of these rollers superpose the theoretical circumferential line of the wheel, thus guaranteeing the continuous contact between wheel and the ground and the free rotation of the rollers. Mecanum wheel has three degrees of freedom (DOF), among which one is the rotation around the axis of wheel, another one is the rotation around the axis of passive rollers, and the last one is the rotation around the contact point between wheel and the ground. The first DOF is actuated with a motor, and the other two move freely [7] .
Alternate wheel is composed of a chassis of wheel and a series of passive rollers that are fixed on the chassis, as is shown in Figure 2 . The peripheral passive rollers form a circle contour of the alternate wheel. The rotation axis of the alternate wheel is perpendicular to the axis of rollers, which is different from the angle of Mecanum wheel. Therefore, it can be considered as a particular case of Mecanum wheel. The movement principles of the two wheels are basically the same.
Orthogonal wheel is a mechanism that realizes movement depending on alternate contact between two parts and the ground, as is shown in Figure 3 . Usually two spherical balls without spherical caps are adopted for the movement. Rotation axes of the two spherical balls are arranged perpendicularly, therefore, this kind of wheel is called orthogonal wheel.
Off-center wheel consists of an off-center driving wheel and a driving mechanism with eccentricity. It does not adopt the manner of switching over the rollers on the wheel disc for the movement, which avoids the vibrations and sliding in the movement, but its mobility appears slightly insufficient.
Disign of MY wheel
Based on a variety of investigations into the omnidirectional wheel, a novel omnidirectional mobile mechanism is proposed based on a spherical ball structure. In the mechanism, the spherical ball is classified into two basic parts in order to realize the passive movement in a certain direction by using the principle of spherical ball movement, and staggered axes method is adopted to realize the continuous contact with the ground. When the driving shaft rotates, the movement in a certain direction cannot be completed by a spherical ball structure due to the mutual intervention between the rigid body and rotation axes. As is shown in Figure 4 , when the active axis rotates a certain position, if a spherical structure is designed at this position to realize the passive movement, then the passive movement of this part cannot intervere in the passive axis, nor can it be restricted. As a result, free rotation of one only part of the spherical ball can be selected to realize the passive movement, as is listed in the free rotation part of the contact area between the sphere and the ground in Figure 4 . In addition, tops of the spherical caps should be guaranteed to be cut off by efficient passive movement because when they contact with the ground, the contact force generated on the ground points at the rotation center line of the driven wheel, which causes the passive movement in this direction being restricted by the driven shaft, as is shown in the interference region in Figure 4 . In [7] , the small passive rollers are adopted to make up the insufficiency of the interference region and reduce the space of the spindle, which has greatly restricted the continuous motion and intensity of the mechanism. Therefore, MY wheel, an oblique crossing spherical wheel structure, is designed in this paper to complement each other to realize continuous motion and omnidirectional function, as is shown in Figure 5 . In order to realize mutual functional complementation of the two structures, two driven shafts of two cut balls are designed to incline to each other at 45 degree angle so that the contact area and the non-contact area can stagger each other, as is shown in Figure 6 . It is shown in the left view and right view of Figure 6 that the mechanism in the driving direction is completely a circular structure so as to guarantee the continuity of driving, while in the driven direction-free rotation direction, the binding force is relieved by the free rotation of the spherical cap around the driven shaft. designed to guarantee the continuous motion of the wheel. Such a design makes the movement more stable in the alternate process of the wheels. The specific method is to increase the contact area of each wheel and decrease the angle of the space region, namely the angles of the sections 2, 4, 6 and 8 of No.1 ball are increased to 46 degrees and those of the sections 1, 3, 5 and 7 are decreased to 44 degrees. Similarly, angle of the contact area of No.2 ball is increased, and that of the non-contact area is decreased so that simultaneous contact state arises in the alternate contact process of the two wheels and the ground. When No.1 ball just loses contact with the ground, No.2 ball is already contacting with the ground; when No.2 ball just loses contact with the ground, No.1 ball is already contacting with the ground so as to guarantee the stability of movement of the robots.
The alternate contact process of MY wheel and the ground can be clearly seen from Figure 8 , with the motion serial images of the contacting between MY wheel and the ground. Of course, the alternate movement of the wheel can also be realized through the cut ball arranged on two parallel shafts (similar to the orthogonal wheel), but it will increase the complexity of the mechanism design. Coaxial configuration is adopted in this paper for easy realization. Detailed analysis in this aspect is listed in [4] . Mechanical structure diagram of MY wheel is shown in Figure 9 . In order to reduce the moment of inertia of the wheel, the wheel body is designed with the rotation axis of the passive axis fixed. Through increasing the dimension and strength of the driven wheel, the strength of the wheel is obviously increased compared with Mecanum wheel and orthogonal wheel, so that the load capacity of mobile robots is increased. Based on the basic structural characteristics of omnidirectional wheel, the omnidirectional mobile robot is designed in this paper, as is shown in Figure 10 . Three MY wheels are evenly arranged on one discal platform with a 120-degree angle interval, and are actuated through synchronous belts by DC servomotors respectively. The specifications of this robot are listed in Table 1 , where, the overall dimensions are the diameter and height of the disk of the robot. Rotating dimensions L 1 and L 2 are respectively the distances from the geometrical centers of two cut balls of the MY wheels to that of the robot.
Kinematic analysis of the proposed omnidirectional robot
The kinematic model has been built for the control of omnidirectional mobile robot. As is shown in Figure 11 , the geometrical constraints of each MY wheel are given by
where, P is the geometrical center of omnidirectional mobile robot; (x P , y P , θ) is the position coordinates of omnidirectional mobile robot; (x 1 , y 1 ), (x 2 , y 2 ), (x 3 , y 3 ) are the coordinates of the contact points between wheels and ground, respectively. L represents the distance from the contact point between MY wheels and ground to the center of disc, which is changing with the changing contact point position, as is shown in Figure 11 . L 1 and L 2 are the distances from the geometrical centers of two cut balls of the MY wheel to P , respectively. S(•), C(•) denote sin(•), cos(•), respectively.
The linear velocity of each wheel body in the driving direction is equal to the driving velocity to avoid sliding in the movement in D direction, as is shown in the figure, where, D 1 , D 2 and D 3 express the driving velocity vector of each wheel, respectively. The velocity constraints of each MY wheel are written as
where, R is the radius of ball.
Synthesizing all above equations, we can get the integrated kinematic equation of the three-wheel driving robot as Jω = Rφ,
where
T is the rotational angle of three MY wheels. In eq. (7), det(J) = 0 fully proves that this wheeled mobile robot can get to any position with any posture, so it is an omnidirectional mobile robot.
The structure of the wheel makes the distance L in the control equation change continuously with the alternate contact between the two wheels,
where, n = 1, 2, 3, · · · are natural numbers. Figure 12 shows the changing of distance L when the active axes continuously rotate. But by eq. (7), the error caused by distance L will be completely shielded when the robot does not rotate. In this case,θ = 0, analysis of this is listed in [4] . Therefore, the changing of distance L would not affect the movement of robot, when it does the translational movement. When it does the rotational movement, the movement will be fluctuant, because the velocity of robot would be changing with the changing distance L. Figure 13 shows the simulation when the robot does the circle movement. In this case, the radius of circle is 0.5 m. And robot moves on the circle with a velocity of 0.5 m/s. The undulation of velocities of three wheels will all occur when robot moves with its direction of No.1 wheel always tangential to the circle. However, when robot moves on the circle with no rotation, that is,θ = 0, there is no undulation of velocity, suggesting that the changing of distance L would not affect the movement. Figure 14 shows the translational movement of omnidirectional robot, which is actuated by three 20 W DC servomotors and which can be realized through controlling the coordinated movements of the three motors. Figure 15 shows the unique in-situ rotational movement of this robot around a fixed point, which is realized through the coordinated movements of the three motors. The omnidirectional mobile robot has shown its superiority in climbing obstacle. Figure 16 shows that the robot moves along a path to avoid the obstacle based on the fact that MY wheel can step over obstacles in its movement, which is also one of the outstanding characteristics of the wheel. Figure 17 shows the process of the mobile robot steping over the obstacles. At present, this omnidirectional mobile robot can step over a maximum height of 13 mm. Figure 18 shows the driving law of motor of each wheel when the mobile robot has completed the above movement, where, Figure 18 
Movement Experiments

Conclusions
A novel omnidirectional mobile robot is proposed in this paper. Mechanism analysis has proven its validity of movement. And kinematic analyses have shown that the robot with this wheel mechanism can do the omnidirectional movement. The distance L of the mechanism would affect the rotational movement and lead to velocity undulation except for translational movement. The basic experiments have shown the mobility of this robot. Also, it can step over some obstacles through effective control, which has shown the superiority of this omnidirectional wheel mechanism. The future studies will be focused on the control method and specific applications of the robot.
